In extremely strong laser fields, highly energetic particles can induce electron-positron pair production in vacuum. With existing technology, an electron-positron pair plasma can be produced through an exponentially growing QED cascade. However, it is extremely challenging to verify experimentally that an actual plasma has been formed, i.e., that collective effects play a role. Here, we suggest frequency upconversion in the driving laser pulse as an unambiguous experimental signature of collective behavior. The pair plasma created in the QED cascade suddenly changes the optical refractive index depending on the plasma density, thereby upshifting the driving laser frequency. In particular, QED-PIC simulations demonstrate that the frequency upshift would be detectable if electron beams on the 30 GeV scale interact with 10 PW-class optical laser pulses, which is in reach of laboratory devices with moderate upgrades.
At the QED critical field E s ≈ 1.32×10 18 Vm −1 , often called Schwinger field, the vacuum becomes unstable with respect to electron-positron pair production [1] [2] [3] [4] . Fields beyond QED critical appear in extreme astrophysical environments like the pulsar magnetosphere [5] [6] [7] [8] . However, even the strongest terrestrial electromagnetic fields are much below QED critical. Reaching this fundamental scale in a laboratory experiment requires a Lorentz boost of ultrarelativistic particles.
In laser fields, pair creation was first demonstrated by the seminal SLAC E-144 in the 1990s, by colliding ∼ 50 GeV electrons with ∼ 10 18 Wcm −2 intensity laser pulses [9] . Higher laser intensities over 10 23 Wcm −2 will become routinely available [10, 11] at the upcoming 10 PW-class laser facilities, such as Apollon, CoReLS, ELI, and SULF. They offer the prospect of studying QED cascades [12] [13] [14] [15] , i.e., a sequence of photon emission and pair production, which results in exponentially growing particle densities until the laser energy is depleted [16] [17] [18] [19] [20] . In this way, a pair plasma can be created, where the interplay between strong-field quantum and collective plasma effects becomes observable.
We distinguish between self-sustained (avalanche-type) cascades [21, 22] created in laser-laser interactions and electron-beam-driven (shower-type) cascades [23, 24] . Here, we focus on the latter, which do not require seeding and thus provide a well defined and highly controllable experimental environment [25] . In electron-beam-laser collisions, pair multiplicities of 10 − 100 are achievable by combining a 10 − 100 GeV electron beam with a 10 PW-class laser [26, 27] , such that the electron bunch is transformed into a fast-moving quasi-neutral plasma bunch with a density that is 10−100 times higher than the original beam density.
A moving plasma bunch at relativistic speed [28] could show two prominent collective effects, namely, the twostream instability [29] and the Weibel instability [30] . They cause filamentation of the plasma density profile either along or orthogonal to the propagation direction. However, a direct observation of the generated plasma density modulations is challenging, as the plasma propagates almost at the speed of light.
Another possibility for diagnosing the pair plasma is stimulated Brillouin scattering (SBS) [31] : an incoming laser couples to a low-frequency acoustic plasma mode, which downshifts the laser frequency. This, however, requires a large plasma to accommodate the acoustic plasma mode.
Here it is proposed that the pair plasma properties could be inferred from a frequency shift in the driving laser pulse itself. After creation, the electron-positron pairs oscillate in the laser field, reducing the permittivity. The associated temporal decrease of the index of refraction leads to frequency upconversion of the pair producing laser pulse itself [32] [33] [34] [35] [36] [37] . The pair plasma density n p is related to the shift in laser frequency as
where ω 0 (ω f ) is the initial (final) laser frequency, n p is the electron/positron density, γ is the (instantaneous) Lorentz factor of the pair plasma, n c is the critical plasma density for the input laser defined as ω 2 0 = e 2 n c /(m e ε 0 ), e > 0 is the elementary charge, ε 0 is the permittivity of vacuum, and m e is the electron/positron rest mass.
The frequency upconversion of the driving laser pulse provides a signature of collective plasma behavior within a QED cascade. As pair creation happens instantaneously with respect to the laser-oscillation time scale, and dominantly during the peaks of the laser field, pair creation changes the plasma density non-adiabatically. Correspondingly, the signatures of collective effects, which are imprinted on the laser frequency, provide an in situ probe of the plasma dynamics.
Schematics and parameters. To demonstrate numerically that an interaction between collective plasma and strong-field quantum effects leaves a characteristic imprint on the driving laser pulse, 3D QED particlein-cell (PIC) simulations were performed with the code EPOCH [38] . A 1 nC electron beam of 300 GeV, shown as a blue sphere in Fig. 1(a) , collides with a counterpropagating 80 PW laser pulse, shown as an amber spheroid. The electron beam sphere has an rms radius of 1 µm and a peak density of n e = 4 × 10 20 cm −3 (Gaussian distribution). The Gaussian laser pulse is linearly polarized in the y direction and propagates in the −x direction. Following the notations of [39] , the laser has a duration of 50 fs and a waist of 5 µm. The peak laser intensity is 6 × 10 22 Wcm −2 , corresponding to a dimensionless amplitude a 0 ≡ eE/(m e c 2 ω 0 ) ≈ 160. As we show, these parameters will result in nontrivial interplay between strong-field quantum and collective plasma phenomena, which causes very distinct measurable signatures.
Pair generation and particle deceleration. Inside the laser field, the electron beam is accelerated and therefore emits synchrotron radiation. In the classical regime (χ e 1), electrons with energy E typically emit photons with an energy ω ∼ χ e E [1, 2] . Here, the quantum parameter χ e = E * /E s = γ|E ⊥ + β × cB|/E s measures the electric field E * in the electron rest frame in units of the critical field E s [β is the electron velocity normalized to c, γ = (1 − β 2 ) −1/2 = E/(m e c 2 )]. As soon as χ e 0.1 each emitted photon induces, on average, a substantial recoil, and quantum corrections become important. In the regime χ e 1, the quantum parameter of the emitted photon χ γ = [ ω/(2m e c 2 )]|E ⊥ +k × cB|/E s becomes, on average, comparable to unity and photon-induced pair production is sizable [ k is the photon momentum] [1, 2] .
Using the initial electron beam energy E 0 = γ 0 m e c 2 , one can calculate the maximum value of the quantum parameter χ e ≈ 2a 0 γ 0 ( ω 0 )/(m e c 2 ) at the peak value of the laser electromagnetic field a 0 . However, this value is, in general, not achieved if χ e 1, as the electron energy significantly decreases due to photon emission before it reaches the peak laser intensity [40] . Instead, a QED cascade is induced during the ramp-up of the laser when χ e 1. The initial energy of the electron is distributed to the produced electron/positron/photon beam such that the actual maximum value of χ e remains of order unity until the laser intensity ramps down. Correspondingly, an electron beam with initial density n 0 and theoretically achievable quantum parameter χ e will produce a pair plasma with maximum density n p ∼ χ e n e . The transverse acceleration of the plasma by laser might significantly decrease the plasma density, in particular if the final gamma factor of the pairs is small. For the total number of charges, however, the linear scaling law of the total particle number is reliable.
The parameters we use in Fig. 1 correspond to a quantum nonlinear parameter of χ e ≈ 210 at the Gaussian waist in the focal plane, and χ e ≈ 580 at the laser focus. The collision quickly creates a pair plasma with an increasing density and volume, illustrated at three different stages in Fig. 1a . To be precise, the peak plasma density, shown as blue curve in Fig. 1b , quickly grows to a peak value of n p = 82n 0 = 3.28 × 10 22 cm −3 at t = 0.09 ps. The total charge reaches a peak value of 139 nC. The plasma density then decreases due to plasma volume expansion. Due to this expansion, some of the particles no longer interact with the high intensity laser, which results in a lower total charge than χ e n e . However, the parameter n p /γ, which determines the frequency upshift according to Eq. (6), continues to increase despite the decrease of n p . It reaches the peak value of 2.67 × 10 20 cm −3 at t = 0.11 ps. Thus, the beneficial radiation friction force, which keeps reducing the gamma factor, outweighs the density increase between t = 0.9 ps and t = 0.11 ps until finally the latter effect dominates.
As photons with χ γ 1 do not produce pairs, they will decouple, i.e., they will no longer contribute to the cascade. Electrons and positrons, however, will continue to lose energy via synchrotron radiation until χ e 0.1 (the actual asymptotic value depends on the duration of the laser, as the plasma continues to emit classical synchrotron radiation in the regime χ e 0.1). Thus, the pair gamma factor decreases to
The effect of radiation friction is shown in Fig. 1c , where the blue curve shows that the pair particles rapidly lose longitudinal momentum before t = 0.1 ps. At the same time, the pairs gain transverse momentum driven by the laser field, as indicated by the red curve. Notably, at t = 0.11 ps when the longitudinal and transverse momenta become comparable, the pairs reverse direction. Particle reflection. The particle reflection is caused by the relativistic light pressure in the direction of the laser propagation direction. In a strong laser field, the transferable momentum from the laser photons to the particles scales as m e c [a 2 0 /(4γ)] in a counter-propagating setup [1] . Therefore, the laser can stop and even reflect an electron if its gamma factor is reduced to γ ∼ a 0 [41] . By comparing this condition with Eq. (2), we find that particle reflection is possible if
For optical lasers with ω 0 ∼ 1 eV, the threshold is approximately a 0 100, corresponding to I 10 22 -10 23 Wcm −2 . Reflection of the plasma can be observed in Fig. 1c : the longitudinal momentum becomes negative at t = 0.11 ps. This causes spreading of the pairs (shown as light blue dots) throughout the simulation box at t = 0.21 ps. At the point of particle reflection, the particle momentum is dominantly transverse, which arises from the laser acceleration. Hence, the minimum particle gamma factor is γ a 0 , although the exact value depends on the laser amplitude when the particles are reflected. Therefore, we provide the following "rule of thumb" for the maximum achievable pair plasma density and the relevant gamma factor at the time the highest laser frequency upshift is induced by the plasma n p ∼ χ e n e , γ f ∼ a 0 .
These relations are valid if the laser is above the threshold intensity [Eq.
(3)] for particle reflection, and if the interaction time is long enough such that the cascade reaches its asymptotic state. Laser frequency upconversion. Both the density and energy of the pair plasma impact the laser dispersion relation. This dispersion relation of the laser field inside the plasma follows from the wave equation
where we used that the laser induces a transverse momentum p ⊥ = eA ⊥ and thus a transverse current J ⊥ = 2en p p ⊥ /(γm e ) = (2e 2 n p /m e )A ⊥ /γ in the electron-positron pair plasma via the Lorentz force [1] . The factor of two accounts for the equal contribution of positrons and electrons to the laser dispersion relation. If the plasma density n p or the Lorentz factor γ change nonadiabatically, the laser frequency shifts correspondingly to satisfy the modified laser dispersion relation. As a result, the laser frequency increases in regions where the value (n p /γ) increases. For the simulation under consideration, the peak value of n p /γ corresponds to 6.7% of the critical rest plasma density n c ≈ 1.71 × 10 21 cm −3 of the drive laser. Accordingly, a laser frequency upshift is observed in the intensity spectra displayed in Fig. 2a . Comparing the spectra before and after the collision, their peaks show a shift of ∆ω/ω 0 = 0.2%. This finite frequency upshift is caused by the small fraction of laser overlap with the electron beam. Specifically, the frequency-upconverted photons are confined to a small region, whereas the majority of the laser photons are not upconverted. To illustrate the laser photon frequencies at different pulse positions, we conduct a synchrosqueezed wavelet transform of the laser pulse and show the chirped spectra in Fig. 2b-d (red curves) . It can be seen that the flat topped input frequency spectrum (shown in Fig. 2b ) becomes chirped at the region of plasma creation near x = 0 in Fig. 2c . The chirped region propagates along the laser direction. The maximum photon frequency shift reaches ∆ω/ω 0 = 2.4%.
Laser diffraction and back-scattering. Noteworthy features shown in Fig. 2d are the sidescattering near x = −25 µm and backward scattering near x = 30 µm. They are the combined result of the transverse acceleration of the plasma by the laser and diffraction due to the small plasma size. The pair particles hence oscillate in the transverse direction and radiate in both the forward and backward directions. Since the pair plasma size is comparable to the laser wavelength, it causes strong diffraction as if the laser beam passes through a small aperture. Note that the largest impact results from the smallest particle energies when the plasma is stopped and eventually reflected.
Scaling laws.
Since upconversion of the laser frequency is determined by the pair creation/radiation friction and collective effects of the created pair plasma, it provides an unambiguous signature of collective plasma effects in beam-driven QED cascades. By combining the expression for the frequency upshift [Eq. (1)] with the scaling of the plasma parameters [Eq. (4)], we find
for the frequency upshift. This relation holds if the laser pulse is sufficiently long and intense such that the QED cascade fully develops and the pair plasma is eventually stopped and reflected.
To verify Eq. (6), a series of 1D QED-PIC simulations were conducted with different electron beam densities, beam energies, and laser intensities. The results are shown in Fig. 3 . In 1D simulations, transverse effects such as plasma inhomogeneity and laser diffraction are absent, therefore the above scaling law should be strictly applicable.
Note, however, that particle momenta and currents are simulated in three dimensions. This generality is critical for inducing laser frequency upshift.
The simulation results shown Fig. 3a and 3d consider 100 GeV electron beams with different peak densities colliding with a laser pulse with peak amplitude a 0 = 117 (3 × 10 22 Wcm −2 ). The highest possible quantum parameter is χ e ≈ 140. When the electron beam density is varied from n e = 10 19 cm −3 to 1.5 × 10 21 cm −3 , the pair density increases linearly and the final gamma factor remains constant at about a 0 , in agreement with Eq. (4). The maximum frequency upshift obtained from the synchrosqueezed wavelet transform also shows decent agreement with Eq. (6).
In Fig. 3b and 3e , the initial electron beam energy E 0 is varied from 10 GeV to 250 GeV. As χ e ∝ γ 0 , it is to be expected that a higher electron beam energy also causes a linear increase of the created pair plasma density, whereas the final gamma factor should remain constant. This is demonstrated in Fig. 3b . The maximum frequency upshift shown in Fig. 3e matches well with Eq. (6).
In Fig. 3c and 3f , the laser intensity I is varied from 10 22 Wcm −2 (a 0 = 68) to 4 × 10 23 Wcm −2 (a 0 = 430). For fixed electron beam energy the quantum parameter changes as χ e ∝ √ I. Therefore, we expect the final plasma density n p to show a similar scaling. However, the quantity n p /γ should be independent of the laser intensity if I is above the particle reflection threshold [Eq.
(3)], as demonstrated in Fig. 3f . When the laser intensity is below 3 × 10 22 Wcm −2 , the pair reflection condition [Eq.
(3)] is not satisfied and the cascade does not saturate within the pulse duration, showing a deviation from this scaling.
Discussion.
We showed that laser frequency upconversion is a powerful tool for exploring the interplay between strong-field quantum and collective plasma effects in an electron-positron pair plasma created by an electron beam-driven QED cascade. According to the "rule of thumb" [Eq. (6) ], upshift of the instantaneous laser frequency could be experimentally observable when the laser intensity is above ∼10 22 Wcm −2 and the electron beam density is above ∼10 20 cm −3 .
Such parameters require only a moderate upgrade of existing facilities, e.g., SLAC's FACET-II. Indeed, a separate set of 3D QED-PIC simulations show the prospect: 10 PW (3 × 10 22 Wcm −2 ) laser pulses colliding with a 1 nC, 30 GeV, 4 × 10 20 cm −3 electron beam creates an electron-positron pair plasma of 19 nC and peak density of 6 × 10 21 cm −3 . The parameter 2n p /γ reaches 2 × 10 19 cm −3 , corresponding to 1.2% of the critical density of a 0.8µm laser. Taking plasma expansion into account, the plasma oscillations of the in situ pair production could induce at least a 0.1% upshift of the instantaneous laser frequency. Our 3D-PIC simulations were not able to resolve directly this frequency shift limited by available computing resources. However, this upconversion can be inferred from our simulations and the scaling law, and an experimental measurement would be straightforward.
Frequency upconversion can also be applied to highdensity pair plasmas generated in other means, e.g. through electron beam impacting onto a solid target [42] [43] [44] or through ultra-intense laser illumination of heavy targets [45] [46] [47] [48] [49] [50] . One particular feature of the electronbeam-laser collision setup is that the produced pair plasma gets slowed down and, when the laser pulse is sufficiently strong and long, even reverses direction. The plasma reflection happens inhomogeneously, which creates counter-propagating plasma streams. The high density plasmas stream at low velocity thus exhibit a plethora of collective plasma effects. For example, we particularly observe plasma filamentation arising from Weibel instability [30] in the 3D QED-PIC simulations. When the plasma density parameter n p /γ exceeds the critical density, the plasma begins to reflect the driving laser similar to reflection by a relativistic electron mirror [51] . However, while fascinating, these phenomena are more difficult to measure quantitatively than frequency upshift of the driving laser itself. Furthermore, a relativistic electron mirror is naturally more sensitive to the edge profile of the plasma, whereas frequency upconversion is determined by its bulk properties. The beam-laser collision setup in the QED regime would open seminal possibilities for studying laboratory astrophysics and High Energy Density Physics (HEDP).
METHODS
The QED-PIC simulations.
The numerical simulations were performed with the fully relativistic, kinetic code EPOCH [38] .
To explore the beam plasma interactions in the QED regime, the code models photon-induced pair production and synchrotron emission. Furthermore, the photon recoil and thus radiation friction is self-consistently taken into account. With the given numerical resolution, the laser beam is modeled by electromagnetic waves on the PIC grid and high-energy gamma photons are modeled as "particles".
In the 3D simulation illustrated in Fig. 1 , the simulation box measured 100µm × 30µm × 30µm is discretized into 4000 × 400 × 400 cells. The 1 nC input electron beam is represented by near 6 × 10 8 computing particles with a spherical Gaussian number density n(r) = n 0 exp[−r 2 /(2r 2 0 )], where n 0 = 4 × 10 20 cm −3 is the peak density and r 0 = 1µm is the rms radius of the sphere. The counter-propagating laser pulse has a Gaussian distribution in both transverse and longitudinal directions with I = I 0 exp[−ρ 2 /(2ρ 2 0 )] exp[−t 2 /(2τ 2 )] where I 0 = 6 × 10 22 Wcm −2 is the peak intensity, ρ 0 = 5µm is the pulse waist at x = 0, and τ = 50 fs is the pulse duration. The notation of laser parameters follows Ref. [39] . In the 1D simulations which produce Fig. 3 , the simulation box has a length of 150 µm which is discretized into 48000 cells. Both the envelopes of the electron beam density and the laser intensity have a Gaussian shape similar to the 3D simulations at y = z = 0.
